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ABSTRACT

Cretaceous Late Yanshanian (LY) magmatism produced large amounts of I-type granitoids in the Southeast Coast
Magmatic Belt (SCMB). I-type granitoids from Xiaojiang-Liangnong complexes (N Zhejiang) in the northern part of this belt
are characterized by containing abundant mafic microgranular enclaves (MMEs). On the basis of petrography and mineralogy,
two types of MMEs are recognized. One (Type 1), enclosed in the granodiorite, is composed of amphibole, high-Ti tabular
biotite, plagioclase, K-feldspar, and quartz. Using the Al-in-amphibole geobarometer, a shallow origin (4 - 8 km) of
amphiboles is suggested. The other (Type 2), enclosed in alkali feldspar granite, is amphibole-free and composed of low-Ti
acicular biotite, plagioclase, K-feldspar, and quartz. Geochemistry of major and trace elements seems to reflect two different
evolving trends for these host granitoids. The Sr-Nd isotopic features indicate that all the studied samples vary in a narrow
range of Isr (0.7078 to 0.7082) and eNdr) (-5.6 to -8.3), except the Type 2 enclaves and hosts that show slightly more depleted
compositions (Isr = 0.7073 to 0.7075 and eNdt) = -5.0 to -6.0). U-Pb zircon ages obtained are 109.6 = 0.9 Ma for the
granodiorite and 113.5 £ 1.1 Ma for the alkali feldspar granite, with 103.2 + 0.9 Ma for the Type 2 MME:s. Inherited ages of
117.0 £2.0 Ma and 119.8 £ 1.1 Ma seem to present in the former two samples. Similarities of mineral chemistry and isotopic
composition among the MMEs-host pairs as well as the younger age of MMEs suggest that MMEs of Xiaojiang-Liangnong
complexes most likely represent mixing/mingling products formed as a consequence of the intrusion of basaltic magma into the
host granitoids under different cooling conditions. Judging from the presence of inherited zircon ages, the composition gap
between high-Ti and low-Ti biotite in granodiorite and alkali feldspar granite, and lower zircon saturation temperatures for the
host granitoids (calculated as 787°C and 763°C, respectively, for these two rock types), origin of the LY I-type granitoids in the
Xiaojiang-Liangnong complexes is related to partial melting of different sources, with the preceding alkali feldspar granite
derived from more quartzofeldspathic and later granodiorite, from more mafic sources.
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1. INTRODUCTION

There are two fundamental theories for the evolution of
I-type granites, assimilation fractional crystallization (AFC)
from a more mafic magma, which is basically derived from
the mantle and partial melting of crustal materials. The for-
mer is a traditional one and adopted by many igneous pe-
trologists with some means of modification during the course
of AFC (e.g., Pitcher 1997). The latter is mainly advocated
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by those who focused on the observation of the Paleozoic
granites of the Lachlan Fold Belt (LFB), SE Australia
(Chappell and White 1992; Chappell 1999). Investigations
of LFB granites suggested that I-type rocks fall into two
groups, formed at high and low magmatic temperatures
(e.g., Chappell et al. 1987). The distinction is made on the
absence or presence, respectively, of zircon with inherited
ages in the more mafic rocks, and on the related differences
in Zr variation patterns with SiO, (Chappell et al. 1998).
Studies on zircon saturation temperatures (Ty,), calculated
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from Zr concentration in zircon and bulk-rock composi-
tions, also demonstrated that initial magma temperature at
the source can be distinguished between the inheritance-
rich (mean 766°C) and inheritance-poor (mean 837°C)
granitoids (Miller et al. 2003) and offered important insight
into the thermal history of granitic bodies.

Cretaceous granitoids in the Southeast Coast Magmatic
Belt (SCMB) belong to I-type category (Jahn et al. 1990;
Chen et al. 2000). Typical examples are the Fuzhou and
Zhangzhou igneous complexes in N and S Fujian, where the
formation of more felsic member has previously been ex-
plained by fractional crystallization from mafic suites (Mar-
tin et al. 1994; Chen et al. 2000). However, based on the
shallow intrusion (5 - 7 km) of these granitic rocks and their
emplacement predating the A-type granites and rhyolites,
Chen et al. (2004, 2008) suggested that they are more likely
derived from crustal melting due to basaltic underplating at a
large degree of lithospheric stretching. To further assess the
granite petrogenesis in this area, new approaches need to be
conducted, such as an examination of zircon U-Pb age or in-
vestigation on the mafic microgranular enclaves (MMEs).
Since MMEs are rather common in calc-alkaline granitoids
(Didier 1991), they may provide evidence of the role of
mafic magmas in the evolution of calc-alkaline granitic mag-
mas and carry important information interpreting the origin
of batholiths (Barbarin 2005).

In the Xiaojiang-Liangnong granitic complexes of N
Zhejiang, or the northern part of the SCMB (Fig. 1a), some
MMEs and sporadic mafic dikes are observed. In this pa-
per, we conduct mineral chemistry, whole-rock geoche-
mistry (major and trace elements), and isotope analysis (Sr
and Nd) for both the MMEs and their host rocks to better
understand the characteristics and origin of these MMEs as
well as the Cretaceous granitoids in the SCMB. Ages re-
ported previously for the major granitic plutons in N Zhe-
jiang were mainly the “’Ar/*’Ar biotite dates (Chen et al.
1991). In this study, zircon U-Pb ages were also conducted
for the host rocks of these MMEs. This helps to know the
emplacement time and zircon saturation condition of the
granitic magma, and to constrain the petrogenesis of gra-
nitoids in N Zhejiang through the information of high or
low magmatic temperatures.

2. GEOLOGICAL BACKGROUND AND SAMPLING

The SCMB, characterized by large amounts of the Late
Yanshanian I-type granitoids (ca. 110 - 99 Ma), is a NNE-
trending magmatic belt about 900 km long and 150 km wide
in the coastal region of Zhejiang and Fujian provinces
(Fig. 1a). In Fujian province, i.e., the southern part of the
SCMB, ages and petrological, mineralogical, and geoche-
mical characteristics of the Fuzhou and Zhangzhou granitic
complexes have been extensively studied (Martin et al. 1994;
Lai 1995; Lapierre et al. 1997; Chen and Jahn 1998; Chen et

al. 2000, 2004). On the other hand, although Xiaojiang and
Liangnong granitic complexes in N Zhejiang are considered
the equivalents in the northern part of this belt, relevant data
are scarce. Conventionally, four main lithologies in two se-
ries are recognized: the granodiorite-monzogranite associa-
tion and the biotite granite-alkali feldspar granite associa-
tion. Xiaojiang is mainly composed of alkali feldspar granite
with small amounts of granodiorite, and Liangnong is com-
posed of monzogranite, granodiorite, and biotite granite. Be-
sides which, the igneous body of Longwangtang alkali feld-
spar granite to the south can be regarded as an extension of
the Xiaojiang main pluton (Fig. 1b).

Relatively, enclaves are rare in Fujian, but rather com-
mon in Zhejiang I-type granitoids. Typical enclaves are basi-
cally found in the granodiorite of Xiaojiang and Liangnong,
and in the alkali feldspar granite of Xiaojiang as well. The
Beizhang monzogranitic pluton exposed between the Xiao-
jiang and Liangnong complexes also contains some enclaves
(Chen et al. 2005). However, these enclaves occurred differ-
ently in size; those that appear in the granodiorite mostly
range from several to less than twenty centimeters with a
well rounded to elongated form (Fig. 2a), whereas those that
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Fig. 1. (a) The Cretaceous Southeast Coast Magmatic Belt (SCMB) in
the position of Zhejiang and Fujian provinces. (b) Geological map of
the Xiaojiang-Liangnong igneous complexes and the adjacent Long-
wangtang igneous complex and Beizhang pluton in N Zhejinag (modi-
fied from BGMRZJ 1989). Sample numbers with a star denote enclaves
of the granitoids.
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Fig. 2. Photographs of field occurrence of mafic microgranular enclaves (MMEs) in the Xiaojiang-Liangnong igneous complexes: (a) the Type 1
MMEs (darker portion) in the granodiorite host; and (b) the Type 2 MMEs (darker portion) in the alkali feldspar granite host, and photomicrographs of
(c) Type 1 MMEs (20ZJ03) and (d) Type 2 MMEs (20ZJ12). Amp: amphibole; Bio: biotite; Chl: chlorite; Ksp: K-feldspar; and Pl: plagioclase.

appear in the alkali feldspar granite are generally greater
than one meter (Fig. 2b). In some places, enclave swarms
with acicular biotites in the latter type are observed. All
these enclaves are richer in mafic minerals than their gra-
nitoid hosts, and thus can be grouped as the mafic micro-
granular enclaves (MMESs) (Didier 1991).

Lithology of these MMEs varies with their host rock as-
sociations. On the basis of mineralogy, two types of MMEs
are classified: Type 1 for those containing evident horn-
blendes, enclosed in the hornblende-abundant granodiorite,
and Type 2 for those that have no such mineral and appear in
the hornblende-poor to hornblende-absent alkali feldspar
granite. To envisage the relationship between the MMEs and
their hosts, rocks enclosing these MMEs are the main target
of'this study (Fig. 1b). It is noted that rock samples for zircon
U-Pb dating are granodiorite and Type 2 MMEs from the
Xiaojiang complex, and alkali feldspar granite from the
Longwangtang complex.

3. ANALYTICAL METHODS

Mineral compositions were analyzed using a Shimadzu-
ARL EMX-SM7 electron microprobe equipped with four
channels of wavelength dispersive spectrometer (Department
of Geosciences, National Taiwan University). The analyzing
conditions were 15 KV acceleration potential, 6 - 8 nA sam-

ple current, and a beam spot ~10 pm in diameter. Data reduc-
tion is based on the ZAF correction procedure (Chen and
Tung 1984). Amphibole analysis is particularly useful for
the application of the Al in the hornblende geobarometer and
zircon analysis, for the calculation of zircon saturation tem-
perature. Data of the mineral composition (except zircon)
have been listed separately (Yen 2005).

Discrete zircon grains were embayed in the epoxy resin
and grained and polished to a surface suitable for U-Pb dat-
ing analysis. Cathodoluminescence (CL) images for zircons
were obtained using a JOEL JSM-6360LV scanning electron
microscope attached with a panchromatic CL imaging sys-
tem (Gatan Mini-CL) at the Academia Sinica (Taipet), in or-
der to characterize morphology and internal structures of zir-
cons. U-Pb isotopic ratios and concentrations of zircons
were determined on 40 pm diameter regions of single zir-
cons by laser ablation-inductively coupled plasma-mass
spectrometry (LA-ICP-MS) at the Department of Geosci-
ences, National Taiwan University, following Chiu et al.
(2009). The ICP-MS used is an Agilent 7500s coupled to the
UP213 laser ablation system (New Wave Research/Mer-
chantek). 2*’Pb/**°Pb, **Pb/**U, *’Pb/**°U, and ***Pb/***Th
ratios calculated using GLITTER 4.0 software (Macquarie
University) were corrected using GJ-1 (Jackson et al. 2004)
as external standard. The reference Harvard zircon 91500
and Mud Tank (MT) zircon, used as unknown samples,
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yielded a weighted mean ***Pb/***U age of 1062.1 + 1.7 Ma
(n=121) and 734.0 £ 2.4 Ma (n = 51), respectively, which
are in good agreement with the recommended ages of 1061 £
4.0 Ma and 731 £ 3.9 Ma (Jackson et al. 2004). Measured
compositions were carried out common-lead corrections us-
ing the procedure of Andersen (2002). All the reported ages
and the concordia diagrams were made using ISOPLOT
(rev.3) (Ludwig 2003). In this study, weighted mean **°Pb/>*U
ages are adopted for concordant Phanerozoic zircons (Comp-
ston et al. 1992), because such ages are more precise than
27pb/23U and 2*"Pb/**Pb ages for zircons younger than 1 Ga
(Williams 1998; Cawood et al. 2003). In Table 1, the an-
alytical dating results are given.

Major and trace element abundances of rock samples
were determined at Department of Geosciences, National
Taiwan University, by X-ray fluorescence spectrometer (Lee
et al. 1997) and inductively coupled plasma-mass spectro-
metry (ICP-MS). The analytical precision and accuracy are
generally better than 5% for most trace elements. Sr and Nd
isotope compositions were measured using a Finnigan®
MAT 262 mass spectrometer at the Department of Earth Sci-
ences, National Cheng Kung University. The isotopic ratios
were corrected for mass fractionation by normalizing to
86Sr/*¥Sr = 0.1194 and "**Nd/"**Nd = 0.7219. Long-term la-
boratory measurements for SRM 987 Sr and La Jolla Nd
standards yield 0.710239 £ 0.000012 (n =30) and 0.511847
+0.000012 (n = 30), respectively. Selected whole rock geo-
chemical and Sr-Nd isotopic analyses are listed in Tables 2
and 3, respectively.

4. PETROGRAPHY AND MINERAL
COMPOSITIONS

The hornblende-abundant granodiorite hosts of the Type
1 MMEs consist of quartz (10 - 25 vol%), alkali feldspar (4 -
17 vol%), plagioclase (37 - 61 vol%), biotite (11 - 17 vol%),
hornblende (10 - 14 vol%), pyroxene (0.6 - 1.2 vol%) and
Fe-Ti oxides (1 - 2 vol%). The hornblende-poor to horn-
blende-absent alkali feldspar granite hosts of the Type 2
MMEs consist of quartz (27 - 39 vol%), alkali feldspar (33 -
59 vol%), plagioclase (5 - 22 vol%), biotite (1 - 10 vol%),
hornblende (0 - 8 vol%), and accessory Fe-Ti oxides.

Type 1 dioritic MMEs consist of plagioclase (62 - 65 vol%),
hornblende (11 - 15 vol%), biotite (12 - 14 vol%), quartz (2 -
7 vol%), and alkali feldspar (2 - 5 vol%), with minor amounts
of clinopyroxene and orthopyroxene (altogether 0 - 1.6 vol%)
(Fig. 2c). Accessory minerals are Fe-Ti oxides, sphene and
apatite. It should be noted that one enclave sample (20ZJ31)
enclosed in Xiaojiang granodiorite is quite different from
typical Type | MMEs. It consists predominantly of orthopy-
roxene and clinopyroxene (Opx » Cpx and altogether 56 vol%)
and plagioclase (41 vol%), with small amounts of biotite
(2.6 vol%) and Fe-Ti oxides (0.4 vol%). This particular
MME:s sample, Type la, is obviously gabbroic in composi-

tion, and exhibits a reaction rim in the contact with the host
rock. Type 2 monzogranitic MMEs contain euhedral plagio-
clase (32 - 42 vol%), subhedral alkali feldspar (28 - 31 vol%),
interstitial quartz (22 - 26 vol%), and significantly needle-
like biotite (8 - 11 vol%). Accessory minerals are sphene and
Fe-Ti oxides. They differ from the Type | MMEs by lacking
hornblende and pyroxene and the presence of needle-like,
instead of tabular, biotite (Fig. 2d). Mineral assemblages in
Type 1 MMEs-host pair are identical; however, the MMEs
are generally fine-grained and richer in mafic minerals than
their hosts. On the other hand, Type 2 MMEs are dominated
by plagioclase and alkali feldspar, whereas their hosts by
quartz and alkali feldspar. Because of the occurrence of en-
clave swarms with mafic dikes in the field and the horn-
blende-poor (0 - 5 vol%) character in mineralogy, Beizhang
MMEs and host rocks are classified into Type 2 as well.

As to the mineral chemistry, one striking feature is that
the chemical compositions of constituents in the MMEs are
similar to the same mineral in their host rocks. For example,
An content of plagioclase and Or content of alkali feldspar in
Type 1 (Ansg_js and Orgy.73) and Type 2 (Ango.j2 and Orog_gs)
MMEs generally fall into the range of that in Type 1 (Ansg
and Org;49) and Type 2 (Ang,g and Orggog) hosts, respec-
tively. Type 1a gabbroic MMEs contain plagioclase (Angs_47)
with no alkali feldspar (Yen 2005). Similarly, overlapping of
hornblende and clinopyroxene compositions between Type 1
MMEs and their host rocks is also observed (Yen 2005). The
amphiboles of Type 1 MMEs-host pair are calcic amphi-
boles (Leake 1978) with (Ca + Na) > 2.05, Na < 0.46, (Na +
K) < 0.60 and Si = 6.9 - 7.3 based on 23 oxygen, and cha-
racterized by having lower total Al contents (< 6.5 wt%)
and medium Mg values [Mg/(Mg + Fe) = 0.60 - 0.85]. Over-
all, they are comparable with the Fujian Cretaceous I-type
granitoids (Fig. 3a). Using the geobarometer of Schmidt
(1992), these amphiboles were formed at a lower pressure of
~1 - 2.5 kb, same as the emplacing condition of major igneous
complexes in the south part of the SCMB (Chen et al. 2004).

There are no discernable compositional differences of
constituent minerals in these two MMEs-host pairs. How-
ever, the high Ti (TiO, > 4 wt%) and low Ti (TiO, < 3.5 wt%)
characters are well preserved in the tabular and acicular bio-
tites in the Type 1 and Type 2 MMEs-hosts, respectively, al-
though Fe/(Fe + Mg) values of biotite from different
MMEs-host pairs are indistinguishable (Fig. 3b). This phe-
nomenon is somewhat distinct from the case of Fujian I-type
granitoids, which reveal a composition gap of Fe/ (Fe + Mg)
values, rather than Ti contents, for the granodiorite-monzo-
granite-syenogranite association and the alkali feldspar gra-
nites. We suggest that the biotite of Type 1 MMEs-host pair
have crystallized under higher temperature condition than
that of Type 2 pair due to higher content in Ti (Henry et al.
2005). The composition of representative zircons, which has
been designated to calculate the Ty for the magma, varies
with 66.8 - 62.8 wt% ZrO,, 1.81 - 1.22 wt% HfO,, and
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Table 1. Analytical results of LA-ICP-MS zircon U-Pb dating for Xiaojiang and Longwangtang complexes in the Southeast Coast Magmatic Belt.

Ratios (Common-Pb Corrected)

Ages (Common-Pb Corrected, Ma)

Analysis 27pp,26pp, Wpp/BSy WoppB8y 208pp/32Th 2pp/2%py  PH/ASU 2Pu/APU MPPh/APTh
(1o) (1o) (1o) (1o) (1o) (1o) (1o) (1o)
Xiaojiang granodorite
XCH-3-1-01  0.05102 (0.00042)  0.12229 (0.00197) ~ 0.01738 (0.00018)  0.00607 (0.00007) 242 (21) 117 (2) 111(1) 122 (1)
XCH-3-1-03  0.05127 (0.00072)  0.11595 (0.00272) ~ 0.01640 (0.00019)  0.00553 (0.00008) 253 (32) 111 (2) 105 (1) 111 (2)
XCH-3-1-04  0.04639 (0.00089)  0.11156 (0.00321)  0.01744 (0.00020)  0.00580 (0.00008) 18 (38) 107 (3) 111(1) 117 (2)
XCH-3-1-05  0.04845 (0.00036)  0.11616 (0.00172)  0.01739 (0.00017)  0.00585 (0.00007) 121 (17) 112(2) 111 (1) 118 (1)
XCH-3-1-08  0.04753 (0.00253)  0.11322(0.00725)  0.01728 (0.00023)  0.00549 (0.00006) 76 (118) 109 (7) 110 (1) 111 (1)
XCH-3-1-12 0.05301 (0.00226)  0.12585 (0.00726) ~ 0.01722 (0.00030) ~ 0.0056 7(0.00012) 329 (94) 120 (7) 110 (2) 114 (2)
XCH-3-1-14  0.04671 (0.00132)  0.10875 (0.00433)  0.01689 (0.00023)  0.00552 (0.00010) 34 (57) 105 (4) 108 (1) 111 (2)
XCH-3-1-16  0.04871 (0.00037)  0.11249 (0.00173)  0.01675 (0.00017)  0.00546 (0.00006) 134 (20) 108 (2) 107 (1) 110 (1)
XCH-3-1-17  0.04971 (0.00046)  0.11719(0.00204)  0.01710 (0.00018)  0.00557 (0.00006) 181 (21) 113 (2) 109 (1) 112(1)
XCH-3-1-18  0.05053 (0.00163)  0.11953 (0.00523)  0.01716 (0.00023)  0.00599 (0.00011) 219(73) 115 (5) 110 (1) 121 2)
XCH-3-1-19  0.04800 (0.00355)  0.10825 (0.00948)  0.01636 (0.00027)  0.00519 (0.00007) 99 (160) 104 (9) 105 (2) 105 (1)
XCH-3-1-20  0.04905 (0.00269)  0.11204 (0.00748)  0.01656 (0.00023)  0.00524 (0.00004) 150 (135) 108 (7) 106 (1) 106 (1)
XCH-3-1-23  0.04954 (0.00202)  0.11504 (0.00639)  0.01684 (0.00029)  0.00800 (0.00022) 173 (100) 111 (6) 108 (2) 161 (4)
XCH-3-1-25  0.05305 (0.00165)  0.12016 (0.00529)  0.01634 (0.00025)  0.00592 (0.00011) 33(72) 115 (5) 105 (2) 119 (2)
XCH-3-1-26  0.04608 (0.00130)  0.10966 (0.00397)  0.01726 (0.00021)  0.00557 (0.00010) 2(53) 106 (4) 110 (1) 112(2)
XCH-3-129  0.04622 (0.00224)  0.10814 (0.00625)  0.01697 (0.00023)  0.00541 (0.00009) 9(99) 104 (6) 108 (1) 109 (2)
XCH-3-1-30  0.05355 (0.00138)  0.12936 (0.00471) ~ 0.01752 (0.00022)  0.00551 (0.00009) 352 (63) 124 (4) 112(1) 111 (2)
XCH-3-1-33  0.05293 (0.00086)  0.12472 (0.00323) ~ 0.01709 (0.00020)  0.00546 (0.00007) 326 (38) 119 (3) 109 (1) 110 (1)
XCH-3-1-34  0.04866 (0.00046)  0.11700 (0.00207)  0.01744 (0.00018)  0.00559 (0.00007) 131 (22) 112 (2) 111 (1) 113 (1)
XCH-3-1-35  0.04801 (0.00149)  0.11540 (0.00488)  0.01743 (0.00023)  0.00566 (0.00009) 100 (65) 111 (4) 111 (1) 114 (2)
XCH-3-1-36  0.05381 (0.00426)  0.13164 (0.00130)  0.01775 (0.00040)  0.00551 (0.00013) 363 (170) 126 (12) 113 (3) 111 (3)
XCH-3-1-37  0.04896 (0.00061)  0.11911 (0.00259) ~ 0.01765 (0.00020)  0.00576 (0.00007) 146 (27) 114 (2) 113 (1) 116 (1)
XCH-3-1-43  0.04922 (0.00212)  0.11728 (0.00635)  0.01728 (0.00022)  0.00547 (0.00005) 158 (96) 113 (6) 110 (1) 110 (1)
XCH-3-1-47  0.05151 (0.00123)  0.12434 (0.00436) ~ 0.01751 (0.00023)  0.00551 (0.00009) 264 (56) 119 (4) 112(1) 111 (2)
XCH-3-1-09  0.04852 (0.00282)  0.12182 (0.00865)  0.01821 (0.00029)  0.00577 (0.00006) 124 (139)  117(8) 116 (2) 116 (1)
XCH-3-1-24  0.05117 (0.00183)  0.12768 (0.00608)  0.01810 (0.00025)  0.00563 (0.00009) 248 (77) 122 (5) 116 (2) 113 (2)
XCH-3-1-39  0.04802 (0.00215)  0.12022 (0.00675)  0.01816 (0.00025)  0.00576 (0.00006) 100 (99) 115 (6) 116 (2) 116 (1)
XCH-3-1-40  0.05293 (0.00371)  0.13317 (0.01143)  0.01825 (0.00033)  0.00581 (0.00011) 326(170)  127(10) 117 (2) 117 (2)
XCH-3-1-41  0.05043 (0.00180)  0.12476 (0.00595)  0.01794 (0.00025)  0.00590 (0.00011) 215(82) 119 (5) 115 (2) 119 (2)
XCH-3-1-42  0.04931 (0.00367)  0.12730 (0.01142)  0.01872 (0.00034)  0.00592 (0.00007) 163 (166) 122 (10) 120 (2) 119 (1)
XCH-3-1-44  0.05231 (0.00089)  0.12966 (0.00348)  0.01798 (0.00021)  0.00567 (0.00007) 299 (39) 124 (3) 115 (1) 114 (1)
XCH-3-1-48  0.05658 (0.00347)  0.14923 (0.01121) ~ 0.01913 (0.00030)  0.00595 (0.00006) 475(150) 141 (10) 122 (2) 120 (1)
Xiaojiang Type 2 MMEs
XC-4-1-02 0.04612 (0.00200) ~ 0.10395 (0.00534)  0.01635 (0.00018)  0.00522 (0.00005) 4(96) 100 (5) 105 (1) 105 (1)
XC-4-1-03 0.04609 (0.00179)  0.10124 (0.00479)  0.01593 (0.00021)  0.00512 (0.00005) 2(84) 98 (4) 102 (1) 103 (1)
XC-4-1-04 0.04608 (0.00123)  0.10153 (0.00354)  0.01598 (0.00019)  0.00516 (0.00006) 2(53) 98 (3) 102 (1) 104 (1)
XC-4-1-05 0.04918 (0.00097)  0.10940 (0.00335)  0.01613 (0.00021)  0.00503 (0.00006) 156 (48) 105 (3) 103 (1) 101 (1)
XC-4-1-06 0.04620 (0.00248)  0.10206 (0.00644)  0.01602 (0.00021)  0.00511 (0.00005) 8(117) 99 (6) 102 (1) 103 (1)
XC-4-1-07 0.04609 (0.00234)  0.10344 (0.00615)  0.01628 (0.00021)  0.00520 (0.00006) 2(106) 100 (6) 104 (1) 105 (1)
XC-4-1-08 0.05550 (0.00191)  0.11659 (0.00577)  0.01524 (0.00027)  0.00487 (0.00008) 432 (76) 112 (5) 98 (2) 98 (2)
XC-4-1-09 0.04944 (0.00270)  0.11246 (0.00750)  0.01650 (0.00023)  0.00522 (0.00004) 169 (116) 108 (7) 105 (1) 105 (1)
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Table 1. (Continued)
Ratios (Common-Pb Corrected) Ages (Common-Pb Corrected, Ma)
Analysis 2pb/ P 7pb/ U 9pp/ Pty "%ph/Th pp/ P M7Pb/U MPLAPU M*Pb/Th
(o) (1o) (1o) (1o) (1o) (1o) (1o) (1o)

XC-4-1-10 0.05091 (0.00112)  0.11302 (0.00379)  0.01610 (0.00022) ~ 0.00503 (0.00007) 237 (50) 109 (3) 103 (1) 101 (1)
XC-4-1-13 0.04608 (0.00222)  0.10518 (0.00595)  0.01655 (0.00021)  0.00530 (0.00006) 2(102) 102 (5) 106 (1) 107 (1)
XC-4-1-14 0.05708 (0.00425)  0.12479 (0.01113)  0.01586 (0.00026)  0.00493 (0.00004) 495 (153) 119 (10) 101 (2) 99 (1)
XC-4-1-15 0.05439 (0.00373)  0.12434 (0.01023)  0.01658 (0.00026) ~ 0.00518 (0.00005) 387 (150) 119 (9) 106 (2) 104 (1)
XC-4-1-17 0.04744 (0.00339)  0.10418 (0.00895)  0.01593 (0.00027)  0.00506 (0.00006) 71 (149) 101 (8) 102 (2) 102 (1)
XC-4-1-18 0.04789 (0.00334)  0.10113 (0.00857)  0.01532 (0.00027)  0.00486 (0.00005) 94(159) 98 (8) 98 (2) 98 (1)
XC-4-1-19 0.05362 (0.00130)  0.11744 (0.00423)  0.01589 (0.00022) ~ 0.00540 (0.00008) 355 (56) 113 (4) 102 (1) 109 (1)
XC-4-1-20 0.05140 (0.00055)  0.11917 (0.00229)  0.01681 (0.00018)  0.00535 (0.00006) 259 (22) 114 (2) 107 (1) 108 (1)
XC-4-1-23 0.04675 (0.00111)  0.10534 (0.00370)  0.01634 (0.00022)  0.00520 (0.00007) 36 (50) 102 (3) 104 (1) 105 (1)
XC-4-1-24 0.05095 (0.00337)  0.11889 (0.00926)  0.01692 (0.00024) ~ 0.00533 (0.00004) 239 (136) 114 (8) 108 (2) 107 (1)
XC-4-1-26 0.05069 (0.00313)  0.11230 (0.00834)  0.01607 (0.00023)  0.00506 (0.00004) 227 (133) 108 (8) 103 (1) 102 (1)
XC-4-1-27 0.05362 (0.00095)  0.11492 (0.00321)  0.01555 (0.00019)  0.00494 (0.00006) 355 (37) 110 3) 99 (1) 100 (1)
XC-4-1-29 0.05168 (0.00072)  0.12019 (0.00278)  0.01687 (0.00019) ~ 0.00540 (0.00006) 271 31) 115(3) 108 (1) 109 (1)
XC-4-1-31 0.04999 (0.00075)  0.10949 (0.00267)  0.01589 (0.00018)  0.00488 (0.00005) 195 (34) 105 (2) 102 (1) 98 (1)
XC-4-1-32 0.05319 (0.00109)  0.11889 (0.00372)  0.01621 (0.00021)  0.00514 (0.00007) 337 (45) 114 (3) 104 (1) 104 (1)
XC-4-1-33 0.05330 (0.00080)  0.11602 (0.00288)  0.01579 (0.00019)  0.00498 (0.00006) 342 (34) 111 (3) 101 (1) 100 (1)
XC-4-1-35 0.04613 (0.00283)  0.09787 (0.00711)  0.01539 (0.00024)  0.00491 (0.00007) 4(136) 95 (7) 98 (2) 99 (1)
XC-4-1-36 0.04782 (0.00248)  0.10441 (0.00656)  0.01583 (0.00021)  0.00503 (0.00005) 91 (118) 101 (6) 101 (1) 101 (1)
XC-4-1-38 0.05223 (0.00118)  0.11806 (0.00400)  0.01640 (0.00022) ~ 0.00553 (0.00008) 295 (49) 113 (4) 105 (1) 111 (2)
XC-4-1-39 0.04685 (0.00239)  0.10630 (0.00650)  0.01646 (0.00022)  0.00524 (0.00005) 41(117) 103 (6) 105 (1) 106 (1)
XC-4-1-40 0.04609 (0.00132)  0.10302 (0.00369)  0.01621 (0.00018)  0.00521 (0.00005) 2(62) 100 (3) 104 (1) 105 (1)
XC-4-1-41 0.04608 (0.00136)  0.09907 (0.00387)  0.01559 (0.00021) ~ 0.00503 (0.00005) 2(62) 96 (4) 100 (1) 101 (1)
Longwangtang alkali feldspar granite

LHT-01-1-02  0.04783 (0.00226) ~ 0.11745 (0.00687) 0.01781 (0.00025) ~ 0.00565 (0.00007) 91 (112) 113 (6) 114 (2) 114 (2)
LHT-01-1-03  0.04820 (0.00104) ~ 0.12041 (0.00384)  0.01812 (0.00022)  0.00570 (0.00007) 109 (50) 115 (3) 116 (1) 115 (1)
LHT-01-1-05  0.05049 (0.00032) ~ 0.12615 (0.00173)  0.01812 (0.00019) ~ 0.00575 (0.00006) 218 (15) 121 (2) 116 (1) 116 (1)
LHT-01-1-10  0.04852 (0.00189) ~ 0.12032 (0.00596)  0.01799 (0.00022) ~ 0.00570 (0.00004) 125 (87) 115(5) 115 (1) 115 (1)
LHT-01-1-13  0.04693 (0.00541)  0.11292 (0.01523)  0.01745 (0.00044) ~ 0.00555 (0.00018) 46 (234) 109 (14) 112 (3) 112 (4)
LHT-01-1-14  0.04806 (0.00032)  0.11512 (0.00163)  0.01737 (0.00018)  0.00557 (0.00006) 102 (15) 111.(1) 111(1) 112 (1)
LHT-01-1-16 ~ 0.05012 (0.00115) ~ 0.11971 (0.00399)  0.01732 (0.00021) ~ 0.00603 (0.00008) 201 (51) 115 (4) 111(1) 122 (2)
LHT-01-1-20  0.05027 (0.00035)  0.12446 (0.00181)  0.01796 (0.00018)  0.00574 (0.00006) 207 (17) 119 (2) 115 (1) 116 (1)
LHT-01-1-22  0.05014 (0.00029) ~ 0.12008 (0.00151)  0.01737 (0.00017) ~ 0.00556 (0.00006) 201 (13) 115 (1) 111.(1) 112(1)
LHT-01-1-23  0.04983 (0.00130) ~ 0.12509 (0.00460) 0.01821 (0.00023) ~ 0.00578 (0.00009) 187 (60) 120 (4) 116 (1) 116 (2)
LHT-01-1-24  0.04888 (0.00248)  0.12016 (0.00739)  0.01783 (0.00023)  0.00564 (0.00005) 142 (116) 115 (7) 114 (1) 114 (1)
LHT-01-1-26  0.04917 (0.00032) ~ 0.12021 (0.00168)  0.01773 (0.00018)  0.00586 (0.00006) 156 (17) 115(2) 113 (1) 118 (1)
LHT-01-1-27  0.05020 (0.00028)  0.12042 (0.00150)  0.01740 (0.00017) ~ 0.00579 (0.00006) 204 (13) 115 (1) 111(1) 117 (1)
LHT-01-1-28  0.04841 (0.00048)  0.11791 (0.00217)  0.01767 (0.00019)  0.00575 (0.00007) 119 (24) 113 (2) 113 (1) 116 (1)
LHT-01-1-32  0.05023 (0.00084) ~ 0.12370 (0.00328) 0.01786 (0.00021) ~ 0.00596 (0.00008) 206 (39) 118 (3) 114 (1) 120 (2)
LHT-01-1-07 ~ 0.04631 (0.00056) ~ 0.12020 (0.00248)  0.01883 (0.00020) ~ 0.00603 (0.00007) 14 (25) 115 (2) 120 (1) 122 (1)
LHT-01-1-11  0.05011 (0.00223)  0.12803 (0.00708)  0.01853 (0.00024)  0.00585 (0.00005) 200 (98) 122 (6) 118 (2) 118 (1)
LHT-01-1-12  0.05265 (0.00111)  0.13693 (0.00430) ~ 0.01887 (0.00023) ~ 0.00637 (0.00008) 314 (46) 130 (4) 121 (2) 128 (2)
LHT-01-1-21  0.04610 (0.00191) ~ 0.11807 (0.00595) 0.01858 (0.00023) ~ 0.00594 (0.00007) 3(80) 113 (5) 119 (1) 120 (1)
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Table 2. Major and trace element compositions of hosts and enclaves from Xiaojiang-Liangnong complexes and Longwangtang pluton in the
Southeast Coast Magmatic Belt.

Type Xiaojiang hosts of Type 1 MMEs Xiaojiang Type 1 MMEs

Sample 20ZJ01 20ZJ02 20ZJ23 20ZJ24 207ZJ25 207J26 20ZJ27 20ZJ03-1 20ZJ03-2 20ZJ04 20ZJ05 20ZJ06 20ZJ07 20ZJ29 20ZJ30
Rx type Granodiorite Diorite

wt%

SiO, 61.04 5960 6139 6158 6095 6027 60.16 55.21 55.58 5498 5457 57.00  57.39 56.51 55.69
TiO, 0.85 0.92 0.94 0.91 0.93 0.96 0.96 1.12 1.12 1.10 1.31 1.05 1.02 1.10 1.00
AL Os 16.65 17.04 1657 1638 1633 1654 1644 17.70 17.93 1776~ 1693 1724 1698 17.27 16.84
Fe,0; 5.83 6.25 592 5.76 5.87 6.09 6.13 7.64 7.62 7.72 8.58 6.96 6.77 7.17 7.14
MnO 0.10 0.10 0.09 0.09 0.09 0.09 0.09 0.11 0.11 0.15 0.12 0.11 0.14 0.10 0.11
MgO 2.63 2.83 2.69 2.59 2.59 2.79 277 3.71 3.58 3.54 3.57 3.61 345 3.64 435
CaO 5.00 5.52 4.63 4.46 4.62 491 4.89 6.68 6.71 6.00 6.65 6.26 5.88 6.21 6.80
Na,O 3.40 3.39 3.09 3.07 3.15 324 332 3.80 3.82 4.10 3.71 3.67 3.57 375 3.55
K,O 3.02 2.87 3.61 3.99 3.68 357 3.60 2.11 2.06 248 2.58 2.40 2.64 2.58 2.81
P,0s 0.30 0.31 0.29 0.28 0.29 0.31 0.31 0.41 0.40 0.36 0.47 0.36 0.35 0.39 0.32
L.O.IL 0.96 0.99 0.58 0.56 0.95 0.52 0.48 0.60 0.66 0.96 0.12 0.26
Total 99.78 9983 9981 9968 9945 9929 99.15 99.11 98.93 98.19 9849 9932 99.14 98.84 98.86
*A/CNK 093 0.91 0.95 0.94 0.93 0.91 0.90 0.85 0.86 0.87 0.81 0.86 0.87 0.85 0.79
NK/A 0.53 0.51 0.54 0.57 0.56 0.56 0.57 0.48 0.47 0.53 0.53 0.50 0.51 0.52 0.53
ppm

La 433 40.0 419 50.7 55.6 50.4 437 379 41.8 438 43.1 37.7 39.7 46.4 43.1
Ce 842 78.8 825 101 110 99.6 88.2 76.1 74.5 853 86.4 74.9 79.7 90.6 88.4
Pr 9.20 8.34 884 11.0 11.8 10.8 943 8.38 9.24 9.47 9.82 841 8.55 9.96 9.68
Nd 349 323 33.0 41.0 438 41.3 36.5 340 373 36.8 39.0 333 33.6 38.6 382
Sm 5.96 5.63 5.53 6.92 7.40 6.93 6.33 6.16 7.10 6.38 6.76 5.82 5.92 6.48 6.93
Eu 1.45 1.38 1.20 1.48 1.52 1.57 1.31 1.62 1.94 1.56 1.82 1.58 1.52 1.73 1.33
Gd 483 443 4.61 5.56 5.93 5.67 492 4.87 6.39 5.25 5.39 4.68 4.60 5.12 5.36
Tb 0.651 0633 059 0.747 0786 0.739  0.709 0.712 0.986 0.703  0.703 0.615  0.638 0.639 0.810
Dy 3.32 323 2.99 3.77 4.01 3.80 3.58 3.65 5.46 3.54 3.50 3.04 3.17 3.11 421
Ho 0.645 0618 0.711 0777 0.730  0.683 0.703 1.06 0.680  0.672 0.574 0585 0.559 0.798
Er 1.76 1.69 1.62 1.98 213 2.03 1.87 1.89 295 1.86 1.82 1.52 1.57 1.50 2.15
Tm 0276 0247 0231 0293 0318 0299 0272 0.271 0.446 0263  0.253 0.225 0230 0.210 0.318
Yb 1.70 1.62 1.53 1.85 2.01 1.90 1.84 1.67 275 1.69 1.55 1.41 1.45 1.30 2.09
Lu 0266 0261 0230 0287 0309 0291 0.296 0.271 0.427 0264 0236 0212 0243 0.189 0.334
(La/Ybn 1722 1667 1854 1851 1872 17.88 16.03 15.36 10.29 1752 18.80 18.04 1846 24.08 13.92
(Yb)n 6.85 6.54 6.17 7.47 8.09 7.68 742 6.72 11.08 6.81 6.24 5.69 5.86 5.25 8.44
Sc 15.5 23.6 12,5 14.7 13.7 183 229 20.1 16.9 15.0 17.2 13.0 17.6 15.0 20.6
\Y 953 147 63.5 951 109 104 842 190 167 143 184 141 173 132 138

Cr 220 20.0 29.0 412 40.5 343 314 275 321 17.4 323 453 38.0 67.1 106

Co 139 153 12.0 14.0 14.4 14.8 12.9 20.8 21.8 16.5 209 18.6 18.1 19.3 18.9
Ni 12.3 11.7 13.1 16.5 16.7 155 16.5 17.4 19.6 133 20.1 21.0 20.7 26.8 27.1
Ga 21.0 20.2 18.1 21.5 22.8 219 19.5 21.3 225 23.0 229 22.1 20.7 232 20.6
Rb 93.6 746 126 156 154 143 122 62.1 71.7 99.0 73.5 76.0 76.0 89.0 108

Sr 815 770 645 713 800 797 669 924 1042 858 1172 1010 827 1088 719

Y 19.3 16.8 17.8 21.7 23.6 220 202 204 30.4 19.9 209 17.0 15.6 16.8 229
Zr 244 208 337 346 414 412 296 192 221 164 214 212 204 242 168

Nb 11.9 11.0 13.2 153 16.4 142 14.5 9.72 9.65 10.5 11.2 957 103 11.4 12.7
Cs 242 2.00 2.59 3.36 4.80 3.86 3.69 215 2.58 3.78 1.97 2.33 2.05 1.93 3.08
Ba 995 799 803 982 1032 976 895 707 879 622 1013 946 769 1031 618

Hf 593 5.56 741 8.18 9.41 9.36 7.44 5.06 522 3.85 5.03 5.05 5.46 548 455
Ta 0597 0795 0671 0.845 0915 0748 1.08 0.601 0.411 0.400 0452 0438  0.705 0.516 0.963
Pb 24.1 183 22.1 238 28.7 221 26.2 243 30.3 21.8 19.8 23.0 21.5 18.1 17.0
Th 12.3 947 155 21.1 25.0 18.1 17.5 6.01 6.56 5.69 6.89 841 7.99 9.60 14.2
U 297 2.10 3.92 5.33 6.16 455 471 2.52 2.04 1.57 2.35 2.01 1.73 221 3.57
St/Y 4227 4578 3625 3282 3389 3622 3316 4523 34.28 43.06  56.08 59.55 5311 64.76 31.36
10'Ga/Al ~ 2.39 2.24 2.07 248 2.63 2.51 2.24 227 237 2.44 2.55 242 2.30 2.53 2.31

*4/CNK = molar (A1,05)/(CaO + Na>O + K>0); NK/A = molar (Na-O + K;O)(AL>05).
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Table 2. (Continued)
Type Type 1a Xiaojiang hosts of Type 2 MMEs Xiaojiang Type 2 MMEs
Sample 20ZJ31 20ZJ12 20720 20ZJ33 20ZJ35 20ZJ36 20ZJ37 20ZJ13  20ZJ14 20ZJ16 20ZJ19 20ZJ21 20ZJ22 20ZJ34
Rx type Gabbro AlKkali feldspar granite Monzogranite
wt%
Si0, 4543 75.76 75.06 73.74 7791 77.09 7853 64.91 64.81 64.42 6264 6198 63.73 67.87
TiO, 1.51 0.17 0.14 0.21 0.09 0.10 0.13 0.71 0.69 0.70 0.74 0.84 0.86 0.62
AlLOs 10.10 13.37 13.54 13.80 12.74 1292 12,60 16.67 16.93 16.64 16.82 17.24 17.65 15.11
Fe,03 19.24 0.68 0.51 1.32 0.35 0.33 0.49 3.79 378 427 476 494 4.89 423
MnO 0.30 0.05 0.05 0.07 0.03 0.03 0.03 0.24 0.22 0.24 0.29 0.33 0.34 0.21
MgO 13.80 0.00 0.00 0.17 0.00 0.00 0.00 1.18 1.20 1.10 1.42 1.46 1.49 1.23
CaO 6.52 0.74 0.68 0.99 0.40 0.42 0.50 3.09 3.17 2.69 3.02 349 3.57 1.54
Na,O 1.12 3.51 3.33 3.47 3.41 3.58 3.24 497 485 5.33 5.35 5.49 5.44 3.84
K,O 0.72 474 5.21 4.54 4.65 474 421 2.64 2.57 2.68 241 2.03 1.87 3.81
P,0s 0.26 0.04 0.04 0.06 0.02 0.02 0.03 0.27 0.29 0.27 0.34 0.35 0.35 0.19
LOL 0.32 0.42 0.28 0.28 0.22 0.16 0.50 0.64 0.42 0.66 0.48 0.60 0.42
Total 98.99 99.38 98.98 98.65 99.88 9945  99.92 98.96 99.15 98.75 9844 9861 100.76 99.06
A/CNK 0.70 1.09 1.09 1.11 1.12 1.10 1.16 1.00 1.02 1.00 1.00 0.98 1.01 1.14
NK/A 0.26 0.82 0.82 0.77 0.84 0.85 0.79 0.66 0.64 0.70 0.68 0.65 0.62 0.69
ppm
La 16.2 29.1 285 458 237 21.3 33.6 417 39.8 63.4 57.1 74.0 56.4 523
Ce 34.0 56.4 51.6 824 433 427 63.3 87.7 79.8 151 112 146 125 106
Pr 4.03 5.98 5.15 825 457 433 6.22 9.07 8.38 16.1 11.5 15.1 14.1 11.6
Nd 16.6 21.1 17.7 285 15.8 15.1 21.3 335 323 55.2 40.7 57.3 56.2 439
Sm 3.14 412 3.52 491 3.81 349 449 5.87 5.81 9.07 6.84 10.0 10.4 8.74
Eu 0.748 0.404 0.484 0.727 0.206 0.156 0276 1.29 1.38 1.30 1.19 2.01 2.11 0.646
Gd 2.64 3.54 323 425 4.05 324 4.07 495 485 8.04 578 8.38 8.67 7.36
Tb 0.377 0.681 0.556 0.636 0.802 0.661 0.780 0.803 0.802 1.19 0.944 1.30 1.39 124
Dy 2.00 418 3.53 3.59 5.36 441 4.89 471 4.67 6.91 5.28 7.09 7.66 7.01
Ho 0.399 0.906 0.766 0.721 1.21 0958  1.06 0.997 0.989 1.50 1.09 1.43 1.55 1.44
Er 1.16 273 238 2.19 3.89 3.00 323 3.02 2.99 4.67 3.33 413 443 417
Tm 0.184 0.480 0.404 0.346 0.697 0.535  0.559 0.512 0.502 0.808 0.566 0.651 0.696 0.668
Yb 1.18 3.39 277 2.35 4.90 3.80 391 3.63 357 5.86 4.06 4.50 478 455
Lu 0.189 0.531 0.420 0.366 0.761 0.637  0.658 0.644 0.610 1.03 0.695 0.792 0.837 0.776
(La/Yb)n 9.23 5.81 6.95 13.18 327 3.79 5.81 7.76 7.53 7.31 9.49 11.11 797 7.77
(Yb)n 477 13.65 11.17 9.46 19.75 15.33 15.75 14.64 14.41 23.62 16.38 18.15 19.26 18.34
Sc 20.4 16.3 7.09 298 16.1 139 7.62 6.69 6.89 139 20.7 6.68
A% 338 143 10.6
Cr 611
Co 73.0 0.484 1.39 275 2.83 3.20 299 2.99 3.14 3.68
Ni 153 234 0.801
Ga 18.8 14.0 149 16.1 173 15.1 155 18.0 18.3 21.8 19.8 20.2 20.8 18.8
Rb 41.0 244 292 187 331 274 280 249 236 297 259 227 207 176
Sr 692 71.0 77.3 168 12.3 10.2 23.6 413 465 320 342 430 438 198
Y 11.9 30.4 26.3 242 409 31.6 325 341 328 56.1 36.8 431 46.1 444
Zr 36.0 109 87.4 146 104 87.9 109 236 218 282 192 221 233 306
Nb 3.66 20.0 15.0 152 319 29.7 274 242 20.0 375 234 234 242 28.6
Cs 1.59 225 237 1.52 1.92 1.76 2.20 8.73 7.36 8.03 9.20 9.81 8.04 2.31
Ba 183 275 367 530 523 412 106 648 736 421 468 526 570 367
Hf 1.16 3.67 275 428 474 4.10 4.80 5.87 5.49 6.69 4.83 5.64 591 8.66
Ta 0.149 228 1.22 0.815 240 3.86 3.45 1.35 1.78 1.61 1.28 1.37 1.15 2.03
Pb 4.84 16.2 223 20.0 19.3 17.3 17.4 11.3 11.3 15.0 11.6 14.5 13.7 12.3
Th 1.58 272 234 18.2 357 38.0 29.8 19.7 174 203 12.1 10.2 11.0 245
U 0.974 2.80 6.22 3.11 12.1 10.0 7.03 5.60 4.96 7.35 442 434 4.68 474
St/Y 5821 2.34 294 6.92 0.30 0.32 0.73 12.11 14.17 5.71 9.30 9.99 9.52 4.46
10°Ga/Al 3.52 1.98 2.08 220 2.57 220 232 2.04 2.04 247 222 221 223 2.35
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Table 2. (Continued)

Liangnong Type 1

Type Liangnong hosts of Type 1 MMEs MMEs Liangnong biotite granites Longwangtang
Sample  20ZJ50 20ZJ52 20ZJ53 20ZJ56 20ZJ54 20ZJ55 20ZJ44 20ZJ45 20ZJ46 207J48 20ZJ47 SLFP
L. L. e . Alkali feldspar
Rx type Granodiorite Diorite Biotite granite .
granite
wt%
Si0, 62.87 61.43 62.72 63.03 54.62 54.65 70.05 71.68 72.68 73.92 77.02 72.87
TiO, 0.82 0.79 0.85 0.79 1.12 0.72 0.46 035 0.33 0.28 0.09 022
AlLO; 17.00 16.53 17.19 16.79 17.22 16.71 15.00 14.45 14.72 14.68 12.82 14.38
Fe,03 483 4.86 5.05 4.96 717 7.61 255 1.93 1.87 1.58 0.34 1.17
MnO 0.06 0.06 0.07 0.06 0.11 0.11 0.03 0.03 0.03 0.04 0.01 0.07
MgO 2.56 247 2.66 255 4.40 4.63 0.98 0.63 0.64 0.43 0.00 0.29
CaO 461 4.54 476 4.66 6.17 6.57 234 1.88 1.89 1.60 0.55 0.94
Na,O 3.70 3.73 3.82 3.68 443 3.76 323 321 321 326 335 428
K>O 334 3.35 329 3.30 2.51 3.40 477 4.69 4.56 4.86 4.74 4.82
P,0s 0.24 023 0.24 0.25 0.28 0.24 0.12 0.09 0.09 0.07 0.02 0.05
LO.L 0.52 0.50 0.42 0.38 0.36 0.44 0.44 0.28 0.18
Total 100.55 9849 101.06  100.44 98.01 98.39 99.87 99.37 100.47 101.00 99.12 99.09
A/CNK 0.94 0.92 093 093 0.81 0.77 1.02 1.05 1.08 1.08 1.10 1.03
NK/A 0.57 0.59 0.57 0.57 0.58 0.59 0.70 0.72 0.70 0.73 0.83 0.85
ppm
La 39.6 385 394 34.6 59.6 40.2 39.8 629 539 421 315 47.1
Ce 79.5 76.1 78.1 69.4 116 78.8 852 105 923 82.1 512 882
Pr 841 841 8.63 7.41 124 8.65 8.89 9.75 8.49 837 3.61 10.1
Nd 326 325 334 29.0 46.8 335 329 325 29.1 29.0 8.74 343
Sm 5.60 5.65 5.68 5.00 7.52 579 5.69 5.16 4.67 474 0.850 5.74
Eu 1.30 1.40 1.43 127 1.45 1.27 0.938 0.878 0.743 0.793 0.086 1.01
Gd 4.19 4.47 4.54 3.74 597 4.66 436 434 3.70 3.89 0.970 433
Tb 0.566 0.564 0.562 0.497 0.74 0.580 0.635 0.563 0.523 0.518 0.098 0.700
Dy 2.67 2.69 2.67 2.39 3.49 273 332 292 2.74 273 0.587 3.89
Ho 0.483 0.502 0.494 0.433 0.639 0.512 0.640 0.592 0.532 0.537 0.139 0.760
Er 1.32 1.33 1.34 1.17 1.71 1.36 1.83 1.74 1.60 1.63 0.550 231
Tm 0.185 0.190 0.192 0.161 0.236 0.199 0.299 0.287 0.264 0.274 0.123 0.350
Yb 121 1.18 122 1.07 1.50 1.26 2.04 2.03 1.88 1.93 1.18 237
Lu 0.196 0.186 0.182 0.166 0.225 0.192 0.328 0.326 0.324 0.309 0.234 0.370
(La/Yb)n  22.03 22.04 21.82 21.81 26.82 21.55 13.22 20.95 19.32 14.76 18.07 13.43
(Yb)n 4.90 4.76 492 432 6.05 5.08 8.21 8.18 7.60 7.78 4.75 9.56
Sc 17.7 12.5 18.6 112 18.0 20.1 16.2 16.2 15.0 6.76 17.0 429
A% 103 90.9 829 112 121 137 332 209 8.74
Cr 333 437 395 353 53.6 735 134 11.2 7.30 7.20 <3
Co 12.8 14.0 14.1 129 235 18.0 4.90 4.56 3.65 327 1.70
Ni 23.1 24.6 251 235 424 358 8.23 7.55 5.48 5.28 2.08
Ga 219 23.8 239 214 262 235 184 20.5 18.4 203 18.8 16.5
Rb 111 135 125 101 138 126 178 221 188 274 316 144
Sr 796 950 980 800 919 874 439 398 338 335 2838 180
Y 13.6 153 152 122 19.8 159 19.8 19.8 17.1 18.6 6.25 221
Zr 239 269 328 214 929 90.7 197 192 154 178 34.0 155
Nb 8.60 8.58 8.10 7.33 112 6.63 152 14.0 13.6 15.1 20.6 15.7
Cs 3.68 5.45 5.03 4.00 7.86 520 6.51 6.36 5.08 11.3 249 1.63
Ba 792 996 992 823 594 823 769 640 534 596 234 1195
Hf 6.74 6.58 7.57 5.85 2.82 2.74 6.1 5.82 5.37 5.77 241 537
Ta 0.655 0.462 0.429 0.463 0.546 0.235 19 1.32 213 1.45 3.15 1.24
Pb 16.1 149 139 12.3 19.6 132 16.3 209 183 229 25.0 389
Th 139 19.5 16.0 132 143 12.0 325 49.6 40.0 582 24.8 19.1
U 3.89 433 372 323 5.04 332 6.3 12,6 15.0 112 24.6 3.05
Sr/Y 5847 61.96 64.36 65.40 46.44 55.07 22.15 20.08 19.76 17.98 4.61 8.16

10*Ga/Al 243 272 2.63 241 2.88 2.65 231 2.67 236 261 277 2.16
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Table 3. Sr and Nd isotope compositions of hosts and enclaves from Xiaojiang-Liangnong complexes in the Southeast Coast Magmatic Belt.

Sample Rb Sr Sm Nd

8Rb/Sr ¥SrASr 26 'Sm/*'Nd BNd/"Nd 20 Isr eNd(T)
No. (ppm)  (ppm) (ppm) (ppm)

Xiaojiang granodiorites
202302 74.6 770 5.63 323 0.2805 0.708284 14 0.1058 0.512275 12 0.707845 -5.8
207127 122 669 6.33 36.5 0.5280 0.708712 14 0.1049 0.512238 12 0.707887 -6.5

Xiaojiang Type 1 MMEs
207107 76.0 827 5.92 33.6 0.2661 0.708206 12 0.1065 0.512274 12 0.707790 -5.9
207130 108 719 6.93 382 0.4349 0.708549 7 0.1097 0.512291 12 0.707869 -5.6

Xiaojiang Type 1a MMEs
20ZJ31 41 692 3.14 16.6 0.1716 0.708135 16 0.1144 0.512278 11 0.707867 -5.9

Liangnong granodiorites

207156 101 800 5.00 29.0 0.3656 0.708725 9 0.1042 0.512211 11 0.708154 7.1

Liangnong Type 1 MMEs
207J54 138 919 7.52 46.8 0.4348 0.708777 2 0.0971 0.512143 12 0.708097 -8.3

Xiaojiang alkali feldspar granites
207112 244 71 4.12 21.1 9.951 0.722894 9 0.1181 0.512314 12 0.707338 -52
207136 274 10.2 3.49 15.1 77.78 N.A. 0.1397 0.512290 12 N.A. -6.0

Xiaojiang Type 2 MMEs
207114 236 465 5.81 323 1.470 0.709748 7 0.1088 0.512319 12 0.707451 -5.0
20ZJ21 227 430 10.0 57.3 1.529 0.709725 8 0.1055 0.512307 12 0.707335 -5.2

Liangnong biotite granites
207144 178 439 5.69 329 1.174 0.709719 15 0.1046 0.512275 13 0.707884 -5.8
207147 316 28.8 0.85 8.74 31.77 N.A. 0.0588 0.512189 12 N.A. -7.0

Note: eNd(T) = [("*Nd/"*'Nd)sampe (TV(Nd/*Nd)cinr (T) - 11 x 10°, ("“Nd*Nd)sane (1) = (N Ne)sanpie - ("'Sm/"*Nd)sanpre (expAT - 1),
("BNd/**Nd)cyr (T) = 0.512638 - 0.1967 (expAT - 1), A = 0.00654 Ga™".
N.A., not available due to very low Sr content (< 50 ppm) and thus high Rb/Sr ratio.
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Fig. 3. Compositions of (a) amphibole and (b) biotite for the Xiaojiang-Liangnong igneous complexes as compared with those of the Fujian I-type
granitoids. The stippled bar in biotite distribution marks the compositional gap between Type 1 MMEs-host (TiO,>4.0 wt%) and Type 2 MMEs-host
(TiO, < 3.5 wt%) pairs. Data sources of amphibole and biotite are taken from Yen (2005) and distribution fields of Fujian granitoids are from Lai
(1995).
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< 0.11 wt% U;Og for Xiaojiang granodiorite and 67.1 -
62.1 wt% ZrO,, 1.75 - 0.98 wt% H{fO,, < 0.10 wt% U;Os,
and < 0.05 wt% ThO, for Longwangtang alkali feldspar
granite (Table 4).

5. AGE RESULTS

“Ar/*°Ar biotite ages reported previously are 101 Ma
for granodiorite and monzogranite from Liangnong, and
110 Ma for biotite granite and alkali-feldspar granite from
Longwangtang (Chen etal. 1991). More recently, Chen et al.

(2005) reported that the upper limit for Liangnong granites is
ca. 113 - 110 Ma. Here we show the ***Pb/?*U vs. *’Pb/*°U
concordia diagrams, accompanied with representative zir-
con CL images (Figs. 4a - ¢), for a granodiorite (XCH-3-1, or
host of Type 1 MMESs) and a Type 2 MMEs (XC-4-1) from
Xiaojiang, and an alkali feldspar granite from Longwang-
tang (LHT-01-1, or host of Type 2 MMEs). These ages shall
be particularly important to unravel the formation time of
granitoids in N Zhejiang and provide information for know-
ing the difference between the *’Ar/*’Ar biotite and U-Pb
zircon age systems.

Table 4. Electron microprobe analyses in representative zircons from Xiaojiang and Longwangtang complexes of S China.

Sample No. 2Pb/*U age Zr0; HfO, Us0s ThO,
(Ma) (Wt%) (Wt%) (Wt%) (Wt%)
Xiaojiang granodiorite
XCH-3-1-08 110 66.77 1.22 0.01 b.d.l.
XCH-3-1-18 110 66.83 1.80 0.11 b.d.l
XCH-3-1-18R 66.47 1.81 0.06 b.d.l.
XCH-3-1-23 108 66.18 1.52 0.05 b.d.l
XCH-3-1-23R 65.66 1.40 0.02 b.d.l.
XCH-3-1-26 110 63.69 1.27 0.04 b.d.l
XCH-3-1-47 112 62.81 1.38 0.04 b.d.l
Xiaojiang Type 2 MMEs
XC-4-1-04 102 65.63 1.83 0.03 0.05
XC-4-1-19 107 63.83 1.41 0.02 b.d.l
XC-4-1-19R 64.34 1.38 0.05 b.d.l.
XC-4-1-17 98 66.52 1.37 0.06 0.06
XC-4-1-31 104 66.26 1.30 0.13 0.17
XC-4-1-39 105 63.86 1.26 0.13 0.16
XC-4-1-39R 64.36 1.31 0.08 0.15
Longwangtang alkali feldspar granite
LHT-1-1-02 114 64.82 1.10 0.03 0.03
LHT-1-1-02R 62.13 1.47 0.05 b.d.l.
LHT-1-1-10 115 63.74 1.32 0.04 b.d.l
LHT-1-1-13 112 67.01 1.75 0.10 0.05
LHT-1-1-22 111 67.12 1.38 0.02 b.d.l
LHT-1-1-22C 66.58 0.98 b.d.l. b.d.l.
LHT-1-1-28 113 63.65 1.38 0.05 b.d.l
LHT-1-1-29 66.68 1.50 0.08 b.d.l

Note: R = rim; C = core.
b.d.l.: below detection limit.
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Fig. 4. Concordia of U-Pb zircon ages and cathodoluminescence (CL) images of dated zircons for (a) Xiaojiang granodiorite; (b) Xiaojiang Type 2
MMEzs, and (¢) Longwangtang alkali feldspar granite. The spot size of laser beam bombardment on zircon CL images is ~40 um. Note the smaller zir-
cons in the Type 2 MMEs yield only one single age and the greater zircons in both the granodiorite and alkali feldspar granite hosts yield two age
groups, with the older one as the inherited age.
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Zircons from sample XCH-3-1 are mostly euhedral with
good prism and pyramid faces, up to 150 - 300 um long, and
have an elongation ratio (length to width ratio) of 2: 1to 3 : 1.
Most grains are colorless and have the transparency varying
from clear to cloudy. Euhedral concentric zoning is common
in most crystals and a few inherited dark cores are observed in
the CL images. On the basis of thirty-two grain analyses, sam-
ple XCH-3-1 yields two significant U-Pb zircon ages: 117.0 =
2.0(n=8;MSWD=2.0)and 109.6 £ 0.9 Ma (n=24; MSWD
=4.0) (Fig. 4a). The old age, measured either from dark cores
of the crystal in CL images or rounded single grain, is inter-
preted as the inherited zircon age. On the other hand, zircons
from Xiaojiang Type 2 MMEs (sample XC-4-1) are signifi-
cantly long-prismatic and euhedral with common concentric
zoning. They are colorless, relatively transparent and mainly
between 110 - 200 pum in length with an elongation ratio of
3:1to4: 1. Thirty zircon separates yield a single U-Pb age of
103.2 £ 0.9 Ma (n = 30; MSWD = 4.7) (Fig. 4b). With the
large amount of zircon analyzed, sample XC-4-1 is demon-
strated to be free from inheritance of zircons.

Zircon separates from Longwangtang alkali feldspar
granite (sample LHT-01-1) are mostly euhedral and range
between 150 and 300 um in length with an elongation ratio
of2:1to3: 1. They are mainly colorless with the transpar-
ency varying from clear to cloudy. Although some grains
show significant oscillatory zones, the majority of Long-
wangtang zircon samples are virtually non-luminescent. A
total number of nineteen zircon grains have been subjected
to the U-Pb zircon age dating. Among them, fifteen analyses
can define a U-Pb age of 113.5+ 1.1 Ma (n=15; MSWD =
3.5), and four analyses yield an older age of 119.8 + 1.1 Ma
(n =4; MSWD = 0.97) (Fig. 4c). Again, the latter is inter-
preted to be inherited zircon age.

6. GEOCHEMISTRY

Types 1 and 2 MMEs have a narrow range of SiO, con-
tent varying from 55 - 57 and 62 - 68 wt%, respectively; in
addition, the Type la (gabbroic) MMESs has an extremely
low SiO, content (45.4 wt%) (Table 2). With the SiO,
content varying from 60 - 63 wt% for granodiortie and 70 -
79 wt% for biotite granite-alkali feldspar granite, their host
rocks are apparently marked with paucity of SiO, at 63 -
70 wt%. The enclave (SiO, = 54 - 62 wt%)-monzogranite
host (SiO; = 70 - 73 wt%) pair in Beizhang is closer to the
Type 2 MMEs-host in the geochemical aspect (Chen et al.
2005), conforming to the mineralogical classification scheme
mentioned above. In the K,O vs. SiO; plots (Fig. 5), all the
studied rocks belong to high-K calc-alkaline series, except
the Type la and Type 2 MMEs, which are mostly in the me-
dium-K field. Granitoids in N Zhejiang are metaluminous
to slightly peraluminous with molecular A/CNK ratio ranges
from 0.90 to 0.95 in the Type 1 hosts and from 1.02 to 1.16 in
Type 2 hosts. The enclaves have A/CNK values lower than

that of the respective host granites, i.e., 0.77 to 0.87 in Type
1 MMEs and 0.98 to 1.14 in Type 2 MME:s (Table 2). In the
Harker’s variation diagrams (Fig. 6), all the MMEs and host
granites (except Type la gabbroic MMEs) can define a de-
creasing trend for Al,O;3, TiO,, CaO, MgO, P,0Os, and Sr, but
the increasing trend for Rb and Nb is not clear. Particularly
in the Zr, Ba, and La vs. SiO, plots (Fig. 7), decreasing varia-
tion trends are obvious only in the biotite granite-alkali feld-
spar granite association. Moreover, the primative mantle-
normalized multi-element variation diagrams show distinc-
tive distribution patterns for granodiorites (mafic granites)
and biotite granites-alkali feldspar granites (felsic granites),
with the latter being relatively enriched in Rb, Th, U, Nb, Ta,
HREE, and depleted in Ba, Sr, P, Eu, and Ti (Fig. 8). It is
noted that both the Types 1 and 2 MMEs have similar distri-
bution patterns overlapping the granodiorite field if they
were depicted in the same diagram.

Age-corrected Sr and Nd isotopic ratio plots for MMEs
and host rocks of Xiaojiang-Liangnong complexes are shown
in Fig. 9 (n = 13 in Table 3), in which those for Cretaceous
granitoids in SCMB are also presented (Lapierre et al. 1997,
Chen et al. 2004). When all these data are compared, two im-
portant features are noted. (1) The enclaves generally exhibit
similar Sr and Nd isotopic compositions to their host rocks:
Type 1 MMEs (including Type la gabbroic enclave) in
Xiaojiang (Isr =0.7078 ~ 0.7079; eNd(T) =-5.6 ~ -5.9) and
their hosts (Isr = 0.7078 ~ 0.7079; eNd(T) = -5.8 ~ -6.5);
Type 1 MMEs in Liangnong (Isr = 0.7081; eNd(T) = -8.3)
and their hosts (Isr = 0.7082; eNd(T) =-7.1); Type 2 MMEs
in Xiaojiang (Isr = 0.7073 ~ 0.7075; eNd(T) = -5.0 ~ -5.2)
and their hosts (Isr = 0.7073; eNd(T) = -5.2 ~ -6.0). (2) In
general, all the studied samples are comparable with the
I-type granitoids in the SCMB. Differences of Sr-Nd isoto-
pic compositions between Liangnong complex (Isr =0.7079
~0.7082; eNd(T) = -5.8 ~ -7.1) and Xiaojiang complex (Isr
=0.7073 ~0.7079; eNd(T) =-5.2 ~ -6.5) are small, they as a
whole are more enriched than the Fujian granitoids.

7. DISCUSSION

7.1 Zircon Saturation Temperature of Granites and
Their Cooling Rates

In the granitic suites, Zr (usually accompanied by Ba
and REE) rises from low values to a maximum at a little be-
low 70% SiO,, then falls back to low values for high temper-
ature suites. Only in the low temperature I-type or the S-type
granite suites, Zr has a linear variation (usually negatively
correlated) against SiO, (Chappell et al. 1998). Based on the
restite model, Chappell (2003a) advocated that the inflected
trends of Zr is evidence showing that high-temperature
I-type granite magma was not saturated in zircon during the
first part of its evolution, but became saturated near the point
of Zr inflection. In this regard, the high temperature granite
magmas were produced by the partial melting of mafic
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source rocks, and the low temperature granites resulted from
the partial melting of quartzofeldspathic rocks. Therefore,
the use of zircon saturation temperature based on age inheri-
tance, along with the bulk rock geochemical distinctions,
provides an effective test of whether a particular I-type suite
evolved either by fractionation of restite or in some other
way (Chappell 2003b).

In N Zhejiang, verifying the existence of inherited cores
on zircon for both the granodiorite and the alkali feldspar
granite is difficult unless a smaller beam size of age deter-
mination (such as using the ion probe) is applied. Judging
from the slight age difference in the few grains that have
been determined with the core-rim sites (Figs. 4a, ¢), we sug-
gest that older ages obtained from these two host rocks rep-
resent the core age of some zircon grains. A similar phenom-
enon is presented in the neighboring Julipin rhyolites, in
which the 101 Ma zircons are often accompanied by a 130 Ma
core (Chen et al. 2008). On the other hand, the elongated zir-
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cons from Type 2 MME yield one single age in spite a larger
number of samples having been conducted (Fig. 4b). These
are the zircons without inherited cores. Although the be-
haviors of Zr, Ba and La show an inflection at 69 wt% SiO,
(Figs. 7a - ¢), indicating that these granitic rocks as a whole
may be high temperature I-type granites of Chappell’s clas-
sification scheme, however, constraints set by mineral che-
mistry, particularly biotites, reveal that only the granodiorite
could be of the high-temperature category, and the alkali
feldspar granite is uncertain by holding low-Ti biotites.

A direct assessment of the temperature for granitic mag-
mas is the use of zircon saturation temperature (Miller et al.
2003). This is made by comparing the Zr contents between
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the zircon rims and the host rock under the presence of inher-
ited zircons to ensure saturation in Zr, and the use of the
whole-rock bulk composition (Watson and Harrison 1983).
Accordingly, Ty calculated for the Xiaojiang granodiorite
and Longwangtang alkali feldspar granite are 790 - 785°C
(mean 787°C) and 767 - 761°C (mean 763°C), respectively.
As for the Type 2 MMEs sample, the temperature is not
available because the parameter for the whole-rock bulk
composition is away from the recommended value of this
thermometry. These results reveal that, although the more
mafic granodiorite was emplaced with a higher temperature
than the felsic alkali feldspar granite, they are more akin to
the low temperature granites, which have a mean Ty, of
766°C (Miller et al. 2003).

Based on the U-Pb zircon and *’Ar/*’ Ar biotite age data,
the high temperature thermal history of the Xiaojiang-
Liangnong igneous complexes can be estimated. Magmas of
granodiorite with a temperature of 790°C (T;) emplaced at
110 Ma and cooled to 300°C (the blocking temperature of
biotite; Williams 2001) at 101 Ma. Accordingly, a cooling
rate of ~54°C myr™' is obtained for the more mafic granitic
suite in N Zhejiang. On the other hand, the cooling rate of
felsic granite can be inferred by the Longwangtang pluton. A
more rapid rate of ~93°C myr™ is obtained by taking the al-
kali feldspar granite with a temperature of 767°C (Tz) em-
placed at 114 Ma and cooled to 300°C at 109 Ma. Neighbor-
ing plutons can display contrasting cooling rates between
the initiation and later stages of one magmatic cycle. For
example, the cooling rate of the Changtai pluton (Zhang-
zhou igneous complex, S Fujian) at temperature higher than
400°C is > 300°C Myr', whereas the adjacent Kunon pluton
that intruded at a slightly later time drops down to 40°C Myr™'
(Tien et al. 1997). Numerical simulation suggests that extra
heat source leading to a high geothermal gradient is neces-
sary to account for a slow cooling rate of 40°C Myr™ in the
case of Kunon pluton (Lu et al. 1999). This infers that plu-
tons with slower cooling rates in the thermal regime of the
SCMB during 114 - 100 Ma could have been accompanied
by basic magma underplating.

7.2 Origin of MME:s in the Xiaojiang-Liangnong
Granitoids

It is generally accepted that the origin of enclaves in
granitoids can be genetically differentiated into four types:
xenolithic, restitic, magma segregation, and magma mixing/
mingling (Didier 1991). Basically, the xenolithic and restitic
enclaves represent the captured country rocks and residues
after melting, respectively, at the time when magma em-
placed, and the magma segregation enclaves are cumulates
of mafic minerals during the magma evolving stage. The
rest, as characterized by the microgranular texture, abundant
mafic minerals and specific petrographic features like aci-
cular biotite and apatite, quartz ocelli and poikilitic feldspar

are mostly ascribed to the process of magma mixing/min-
gling. However, the endmember components of magmatic
hybridization vary from place to place, and in some cases
such MMEs are difficult to distinguish from restites if the
granitic magma was formed by partial melting of crustal ma-
terials that were composed of pre-existing granitoids (Chap-
pell and White 1992).

The role of MMEs in the petrogenetic model for the
generation of granitic magmas is diverse. The general lack
of MMEs in mafic granites can be taken to indicate I-type
character; and if there is any, a restite origin is favored
(Chappell and White 1992). MMEs have also been inter-
preted as the mantle-derived mafic magma that can mix with
a felsic magma originating from the melting of the para-
gneiss to produce the Hercynian synorogenic monzogranites
in the Livradois area of the French Massif Central (Solgadi
et al. 2007) and granites in the Nelas area, central Portugal
(Silva et al. 2000). On the other hand, MMEs and host gra-
nitoids of the central Sierra Nevada batholith (California)
are considered as cogenetic, hybrid rocks that were pro-
duced by the mixing of the same two components (derived
from crustal materials and upper mantle, respectively) in dif-
ferent proportions (Barbarin 2005). Hybridization can occur
in both the magma conduits and granitic magma chambers as
demonstrated in the Kameruka pluton of the Lachlan Fold
Belt (S Australia) (Collins et al. 2000), or in the felsic
magma chamber alone as the case in the Miocene Chenar
granitoids stock, NW Kerman (Iran) (Arvin et al. 2004).

In the Xiaojiang-Liangnong complexes, two main fea-
tures are observed between the MMEs and their hosts: (1)
mineral compositions of pyroxene, feldspar, biotite, and
hornblende are nearly identical (Yen 2005; Figs. 3a - b); and
(2) they, including the Type la (gabbroic) MMEs, share
similarities of the Sr and Nd isotopic compositions. On the
contrary, dissimilarities also exist. For instance, other than
the granitoids, which are all high-K calc alkaline rocks, the
Type 2 MMEs fall into the medium-K calc-alkaline field
(Fig. 5). Also, judging from the non-linear relationship be-
tween Type 2 MMEs and host rocks in Zr, Ba, and La (Fig. 7),
these MMEs are more likely to be of exotic origin relative to
the alkali feldspar granites. Accordingly, Type 2 MMEs are
best explained as the mixing/mingling products of two com-
ponents, one is the magma of alkali feldspar granite host and
the other is the magma that intruded into the alkali feldspar
granite at 103 Ma in a form of mafic dike. This is consistent
with the fact that basaltic activity has been prevailing during
110 - 97 Ma in N Zhejiang, as exemplified by the bimodal
basaltic eruption and mafic dike injection into rhyolites
(Lapierre et al. 1997; Chen et al. 2008). The mafic dike is
most likely a stream of magma injection from the basic
underplating. Referring to the relationship between Type 2
MMEs and host, we suggest that Type | MME:s are likewise
the products generated from the injection of mafic dike into
the granodiorite. Similarly, mixing/mingling between mag-
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mas of mafic dike and granodiorite explains the origin of
Type 1 MMEs. The granodioritic body could have been kept
in a plastic state under a high geothermal gradient since the
time of emplacement, and further heated by the basaltic
magmas when Type 1 MMEs were formed. As to the distinct
Type 1a gabbroic MMEs, which possess extremely abundant
pyroxenes (> 56 %) and more basic geochemical character-
istics (Si0, = 45 wt%) than other studied MMEs, we suggest
that they represent cumulates crystallized from the intruded
basic magma.

Related processes could also have involved fragmenta-
tion and partial hybridization of “synplutonic” mafic dikes.
The term “synplutonic” denotes that the host pluton has not
yet totally solidified at the time of dike injection. This kind
of hybridized process has previously been described in the
case of the Sierra Nevada batholith (California) by Barbarin
(2005). Mafic magma was injected into an open system in
which granitoid magma was already moving upward, so that
there was not enough time to thoroughly mix with the host
and was disrupted into small scattered blobs (e.g., Type 1
MME's) in the moving granitoid magma. During ascent and
emplacement, mingling continued and interaction between
granitoids and MMEs involved thermal, mineral, and che-
mical transfers. Local mixings explain the similar minera-
logy and geochemistry of MMEs-granitoid pair. Our Sr and
Nd isotope data further suggest even the possibility of iso-
topic homogeneity. The similarity of Sr and Nd isotope
compositions may indicate that the MMEs have been largely
modified by the granodiorite host.

Usually, during hybridization, a chilled margin is formed
on the hotter basic member leading to a decreasing amount
of mafic minerals away from the contact margin (Kadioglu
and Giileg 1999). This phenomenon is simply because mafic
dikes had intruded into a low-temperature alkali feldspar
granite, which in turn, led to a drastic cooling rate preventing
the crystallization of high temperature mafic minerals such
as hornblendes in Type 2 MMEs. The large temperature con-
trast between the injected mafic dike and the host rock is cru-
cial for generating quenching crystals of biotite as there is no
such kind of biotite in the Type 1 MMEs. We suggest that
hybridization had taken place more vigorously due to the
smaller grain size of mineral constituents. The closeness of
Sr and Nd isotopic compositions of Type 2 MMEs and their
hosts is the supportive evidence.

7.3 Origin of N Zhejiang I-Type Granites and
Tectonic Evolution in the SCMB

When dealing with the origin of Xiaojiang-Liangnong
granites, all the Cretaceous granitoids and the tectonic setting
that governed the genesis of granitic magmas in the SCMB
must be taken into consideration. Three stages of magmatism
are recognized for the Late Yanshanian orogeny. The earliest
magmatism can be revealed by the 130 - 110 Ma compres-

sional stage resulting in the trondhjemite-tonalite-granodi-
orite assemblage emplaced at 18 - 24 km. These rocks were
interpreted as resulting from partial melting of deepened
high-Al gabbro that probably represents relicts of the Jurassic
underplate (Chen et al. 2004). On the other hand, A-type
rocks in the SCMB, occurred as near-surface granites and
rhyolites, appeared in a time span largely concentrated at 94
- 81 Ma. They are emplaced and erupted as a consequence of
progressive lithospheric extension to 60 - 70% of the original
thickness (Chen et al. 2008). These two kinds of rock as-
sembly thus represent the syn- and post-collisional environ-
ments of the Late Yanshanian orogeny, respectively.

Xiaojiang-Liangnong granites, emplaced during 114 -
110 Ma, are characterized by shallow intrusions of high-K
calc-alkaline I-type granitoids at 4 - 8§ km. Time and depth of
magma emplacement of Xiaojiang-Liangnong granites are
very similar to the Fuzhou complex in north and Zhangzhou
complex in south Fujian. Altogether, they can define a mag-
matic stage during the LY orogenesis by the different rock
association and probably a transitional tectonic environment
from syn- to post-collision. Our earlier works, based mainly
on the study of Fuzhou and Zhangzhou igneous complexes
in Fujian, suggested that the diorite-monzogranite-granite
association in the SCMB belongs to I-type granitoids in the
extensional tectonic setting (Chen et al. 2000, 2004; Hsieh et
al. 2008). In fact, alkali feldspar granites and peralkaline
A-type granites are closely related to these I-type granitoids
in space, and some alkali feldspar granites were categorized
as the aluminous A-type granites (e.g., Qiu et al. 2004).
Combining with the geochemical and isotopic compositions
of A-type rocks (granites/rhyolites) that postdating these
I-type granitoids in this magmatic belt, Chen et al. (2008)
postulated that such rocks were derived from partial melting
of hydrous, mafic to intermediate rocks in the crust (Roberts
and Clemens 1993) as constantly heated by the underplated
mafic magma. Nevertheless, mixing between crust- and
mantle-derived magmas, as exemplified by the 125 - 115 Ma
Pingtan complex in NE Fujian (Griffin et al. 2002), cannot
be totally ruled out. Under this model, basaltic magmas were
the major heat supplier, and able to be largely retained in the
base of the lower crust or trapped by the highly viscous inter-
mediate to acidic melts in the middle to upper crust.

It seems to be a common feature that I-type granites in
the SCMB can be separated into two lines of magmatic evo-
lution based on the biotite compositions. The case of Fuzhou
and Zhangzhou igneous complexes in Fujian reveals that
their lithologies were largely controlled by crystal fraction-
ation among granodiorite, monzogranite and syenogranite,
and alkali feldspar granites, and hence their biotites vary
sympathetically between Ti contents and Fe values in two
trends (Fig. 3b). Similarly, the discontinuity of biotite com-
positions at fixed Fe values for granitoids in N Zhejiang is an
indication that two host rocks, the granodiorite and the alkali
feldspar granite, were derived from different sources. Zircon
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saturation temperatures calculated for these two series of
granitic rocks, 787°C and 763°C, respectively, indicate that
they are more likely the low temperature I-type granite. This
is further supported by the presence of zircon inheritance
(Figs. 4a, c) and the lack of associated mineralization
(Chappell et al. 1998).

Geochemically, MMEs and hosts show linear trends for
various elements on Harker diagrams (Figs. 5, 6, and 7).
Chappell (2003a) suggested such linear trends are not con-
sistent with a mechanism of crystal fractionation, and argued
that the crystal has been entrained in the melt causing resitite
crystal fractionation, with different degrees of mineral sepa-
ration of felsic melt and mafic residual material producing
linear correlations between elements. Only in high tempera-
ture conditions, crystals were precipitated from the melt and
cumulates were formed. Most notably, P,Os increase in ab-
undance with increasing SiO, is the indication of fraction-
ation of crystal from I-type melts (Chappell and White 1992).
The reverse trend of P,Os for the studied rocks (Fig. 6¢) and
the rarity of cumulate rocks in the studied area favor Chap-
pell’sidea. The only point that does not fit the concept of low
temperature I-type granite is the presence of the Zr, Ba, and
La inflection pattern. We interpret that the two trends dis-
played on the different sides of the inflection as representing
variation as two kinds of magma evolved separately. The al-
kali feldspar granite, which appeared earlier, has evolved
with a decreasing trend, whereas granodiorite, displays an
increasing trend. On this basis, along with the presence of
young zircon inheritance, alkali feldspar granite in the Xiao-
jiang-Liangnong complexes can be explained by melting of
quartzofeldspathic sources, whereas granodiorite relates to
the melting of mafic source rocks (Chappell et al. 1998), and
all these sources are thought to be formed at the LY syn-
collisional stage.

8. CONCLUSION

U-Pb zircon ages provide important information for the
petrogenetic model for the mafic and felsic granites of the
Xiaojiang-Liangnong complexes. Both the mafic and felsic
granites show two stages of U-Pb zircon age, 117 and 110 Ma
for the former and 120 and 114 Ma for the latter. Zircon satu-
ration temperatures are calculated as 787°C and 763°C for
mafic and felsic granites, respectively, conforming the pre-
sence of high-Ti and low-Ti biotites in these two rock types.
This implies that magmas of these I-type granites may be
generated by partial melting of preexisting granitic crusts
that composed of 120 - 117 Ma granitoids, in which the fel-
sic granites were derived from more quartzofeldspathic and
the mafic granites, from more dioritic sources. The lower
melting temperature of a quartzofeldspathic source can ac-
count for the earlier formation of felsic granite (114 Ma)
than the mafic granites (110 Ma) under the increasing ther-
mal state at constant underplating of basic magma.

MME:s are of two groups, all represent mixing/mingling
products between the injected dikes and their host grani-
toids. This is evidenced by the fact that MMEs enclosed in
felsic granites (Type 2) display one single U-Pb zircon age
of 103 Ma, but tinged with a distinct medium-K calc-alka-
line character. Earlier intrusion renders a more rapid cooling
rate of the felsic granites, as exemplified by the Longwang-
tang alkali feldspar granite body (~93°C myr™). Injection of
mafic dikes into a cooler environment explains the crystalli-
zation of low-temperature minerals with quenching texture.
Those enclosed in mafic granites (Type 1) may represent
mafic dike intrusion at a later time. The host granodioritic
body had been kept to be plastic as subjected to a higher geo-
thermal gradient and constantly heated by the intrusion of
basic magma in an adjacent area. This is the reason for a
slower cooling rate of the Xiaojiang-Liangnong granodi-
orite (~54°C myr™"). The common existence of inherited zir-
con cores in these granitoids support that they were derived
from partial melting of preexisting granitic crusts. Earlier
emplacement of felsic magmas is the indication of a lower
melting point of quartzofeldspathic sources in a thermal re-
gime. This scenario, similar to the recent genetic model for
I-type mafic and felsic granites in the LFB, is proposed to re-
cord the onset of the post-orogenic stage of the Late Yan-
shanian movement.
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